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In 1935 Klieneberger (46) isolated from cultures of Streptobacillus moniliformis
a strange organism which she designated as L1. This organism differed in many
respects from bacteria and resembled the organisms of bovine pleuropneumonia.
The morphology of the latter is so different from bacteria that it is classified in
a different order or even in an independent class (65, 75). A few years later,
Dienes (9) reported the development of tiny colonies similar to the Li in occa-
sional cultures of various species, and subsequently he isolated them from a
Flavobacterium (9) and from a Bacteroides strain (12). Pierce (71) observed in
1942 that the Li is resistant to penicillin, and subsequently organisms similar to
Li were isolated from many gram negative and gram positive bacteria, by culti-
vating bacteria in the presence of penicillin. Development of similar forms occurs
also in various other conditions such as spontaneous autolysis and exposure of
bacteria to certain bacteriostatic chemicals, to phage, and to antibodies (25, 33).

For a long time Klieneberger (46, 51) supported the hypothesis that the Li
and the bacillus were unrelated organisms living in symbiosis. All other investi-
gators (4, 6, 8, 41, 67) who studied the Li concluded that it was a growth form
of the bacillus. This viewpoint is now generally held since Klieneberger (52)
recently abandoned the symbiosis theory and accepted the identity of the Li
and StreptobaciUus moniliformis. Apparently the bacteria undergo a strange
transformation in response to various influences, and they survive and multiply
as tiny soft forms often unrecognizable with the usual bacteriological methods.
The study of these forms is in a preliminary stage and their significance in the
life and activity of bacteria is not known. However, the discovery of these forms
presents new and significant problems for the study of bacteria.

This review will be introduced by a short consideration of the technical pro-
cedures necessary for the study of L forms. This will be followed by a description
of the observations made in different groups of bacteria. The second half of the
review contains a survey of their properties, their possible nature and significance
and their relationship to the pleuropneumonia group of organisms. A purely
descriptive nomenclature will be used. The peculiar forms which are the subject
of this review, when isolated from bacteria, are called "L forms" and their colo-
nies and cultures are referred to as "L type." The Li is the L form of Streptoba-
cillus moniliformis. The exact meaning of these terms will become clear in the
descriptions of the observations. Similar forms found as independent organisms
without apparent relationship to any known bacterium are designated as organ-
isms of the pleuropneumonia group or pleuropneumonia-like organisms after the
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agent of bovine pleuropneumonia, which was the first organism to be recognized
in this group. In the description of the morphology of L type cultures the terms
"small forms," "swollen forms," and "large bodies" are employed. The latter
two terms will be applied also to pleomorphic forms of bacteria.

TECHNICAL PROCEDURES

The L forms and the pleuropneumonia group of organisms which they resemble
are soft and fragile. Smears and impression preparations rarely show their true
forms and are inappropriate for their study. The derivation of the different
morphological elements of the cultures and also the derivation of the L forms
from the bacteria can be recognized, as in the study of fungi, only by following
step by step the development of the cultures. The first detailed observations on
the morphology of the organisms of bovine pleuropneumonia were made with
darkfield examination of broth cultures (2). Oerskov (64, 65) followed the devel-
opment of the cultures on thin transparent agar with oil immersion. These simple
methodo are not sufficient for the study of the L forms. In many cases they do
not grow in liquid media and their growth from bacteria was never observed in
such media. Restriction to cultures especially grown on transparent agar excludes
from examination routine bacteriological cultures in which most of the L forms
were discovered and restricts experimentation with the media. Furthermore,
stained preparations give more information about the morphology of the or-
ganisms.
The usefulness of direct microscopic examination of agar cultures is increased

considerably when combined with appropriate staining (8, 16). Certain dyes
color bacterial organisms deeply while the medium is only slightly stained.
Methylene blue and azure are especially suitable because they do not form pre-
cipitates and the bright blue color differentiates the intact bacterial structures
from autolyzed organisms and from impurities in the agar. Distortion of the
cultures during staining can be avoided by drying the staining solution on cover-
slips, as in vital staining, and by careful placing of the coverslips on the agar. In
these preparations the entire growth on the agar is seen, undisturbed in its
natural position. The plates can be examined macroscopically and microscopi-
cally at the same time, and this can be repeated at short intervals. Turbid media
including blood agar plates can be studied also. The reviewers' success in dis-
covering L forms in many bacterial cultures and in isolating pleuropneumonia-
like organisms from patients was the result of quick and efficient microscopic
examination of the agar cultures, made possible by the stained agar preparations.
The techniques used to make these preparations and to make dry preparations

have been described (8, 32). A more detailed description of the techniques than is
available in this publication may be obtained from the reviewers.

Direct staining of agar cultures with staining solution has been suggested (4,
66, 78). In certain instances this gives excellent results, but for most purposes it
cannot be used. The bacterial colonies are broken up, the bacteria are distributed
on the agar, and the surface growth of L type colonies is usually completely
destroyed.
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Klieneberger (45, 54) endeavored to overcome the difficulties inherent in the
study of the pleuropneumonia group by improving the technique of impression
preparations. This consisted of the fixation of an agar block inverted on a cover-
slip; the principle of this method was devised by Kuhn (57). The lifting of the
agar leaves an excellent impression of the culture on the coverslip. The mor-
phology of the individual organism is most clearly apparent in such preparations.
Not only is the staining better than in the wet stained agar preparations, but
the organisms are seen in one plane and can be stained by a variety of methods.
In stained agar preparations, even the smallest pleuropneumonia-like colonies
are tridimensional and only a few organim can be seen simultaneously. A great
disadvantage of the agar fixation method, however, is that the preparations do
not contain the entire growth developing on the plates, and for this reason cer-
tain growth processes cannot be observed on them. Autolyzed organisms are
poorly if at all visible. Artefacts which are difficult to interpret are often pro-
duced. Furthermore, the making of the preparations requires many hours and
they cannot be used for simultaneous macroscopical and microscopical study of
the cultures. Although the method made it possible for KIieneberger to discover
the Li and to pioneer in the study of the pleuropneumonia group, it was not
appropriate for the discovery of tiny L type colonies which develop in many
other bacterial cultures.
Some of the more recently developed microscopic techniques also have been

employed in the study of the L forms. Electron microscopy (82) was used by
Smith, Hillier and Mudd. Klieneberger and Smiles (55) used "oblique incident
illumination." The appearance of the colonies resembled that seen by dark field.
The method can be applied only to cultures grown in a special slide. With phase
microscopy also only cultures grown on thin transparent agar can be examined.
The morphology of small L type colonies is clearly visible but the resolution of
large colonies is poorer than in stained preparations. Phase microscopy is excel-
lent for the observation of certain growth phenomena but it cannot replace the
stained agar preparations.

In most instances L type cultures cannot be transferred with a loop. Kliene-
berger (46) subcultured the Li by cutting out a square of agar containing the
colonies and streaking it on fresh medium. The agar block is left on the medium
because growth often develops only beneath it. To isolate L type colonies occur-
ring in mixed growth with bacteria, pieces of agar containing only the L type
colonies are cut out and are transferred to fresh media. Sometimes growth can
be obtained in a mixed culture by touching an L colony with a loop and making
a streak on the agar without lifting the loop.

THE DEVELOPMENT AND PROPERTIES OF L FORMS IN VARIOUS
BACTERIAL SPECIES

Streptobacillus moniliformis. Pleomorphism and variability of morphological
appearance is characteristic of this species. The colonies may consist of short,
regularly shaped bacilli, or of segmented or unsegmented filaments. The fila-
ments may become twisted and fragmented into small granules. All these various
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forms may swell to large round bodies, and sometimes 24-hour-old colonies con-
sist exclusively of large bodies. Autolysis is pronounced in the pleomorphic cul-
tures. The filaments were thought to show true branching and the organism was
classified with the actinomycetes (84). When examined with appropriate methods,
however, branching is not observed (8, 46, 91). The organism is a common sapro-
phyte in the pharynx of rats and as Van Rooyen (91) pointed out, it is reasonable
to classify it with the hemophilia bacilli.
Well spaced colonies of Streptobacilus moniliformis grow on blood or serum

plates in 24 hours to a diameter of 1 to 2 mm. The Li appear as pinpoint colonies
among the bacterial colonies and grow in the course of a few days to a diameter
of 0.1 mm, or somewhat larger. They are produced in variable number by differ-
ent strains, the more pleomorphic producing more than the less pleomorphic
ones. Examined with the hand lens the Li colonies appear rough. They cannot be
removed from the agar with a loop. With the low power of the microscope a large
part of the colonies is found beneath the surface of the medium as a dense
spherical mass. The surface of the colony extends further on the medium and
consists of large round bodies and of empty round blebs produced by autolysis
of the large bodies.
The origin of Li colonies, their morphology and their relationship to the bacilli

remained controversial for a long time. Klieneberger, in the years following the
discovery of the L1, made many pertinent observations. She observed that all
strains of S. moniliformis produce Li colonies, and it was not possible to eliminate
the Li from the bacillary cultures. Both the bacillus and Li agglutinated with
specific sera produced with either organism. She observed the reappearance of
the bacilli when the cultures of L1 were transferred to broth, and also that they
became stabilized in the Li form after a long period of cultivation on solid media.

Klieneberger's views on the morphology of Li and S. moniliformis were modi-
fied several times. Her latest description of the morphology of the Li is as
follows: The fundamental reproductive units are small "elementary corpuscles"
containing a chromatin granule with a small amount of protoplasm. The corpus-
cles multiply by fission or swell to larger forms up to several microns in diameter
which are produced by reproduction of the granules inside a common envelope.
The large forms may segment into the corpuscles at any stage of their develop-
ment. All elements of the culture are soft and malleable and do not have a rigid
cell-wall like the bacteria. Klieneberger believed that in cultures of S. monilifor-
mis the pleomorphic forms, especially the large bodies, do not derive from the
bacilli but are forms of the symbiont, L1, and she identified the small granules
visible in autolyzed bacillary cultures with the elementary corpuscles of Li.

It seemed to Klieneberger unlikely that an organism with the properties of Li
can be a variant of a bacterium. The observation that the Li after long cultiva-
tion fails to return to bacillary form supported this impression. The return of
bacilli in young Li cultures and the serological similarity of the Li and of the
bacilli were explained by the supposition that the two organisms grow in mixed
cultures. The cytological study of various bacteria later convinced Klieneberger
that the morphological difference between the Li and bacillus is less significant



1951] LOUIS DIENES AND HOWARD J. WEINBERGER 249

than she originally believed, These studies and the accumulation of observations
on L transformation in other species induced Klieneberger to accept the genetical
identity of Li and the bacillus (52).

Dienes, like Klieneberger, studied S. moniliformis, Li and the pleuropneumo-
nia-like organisms simultaneously (8, 16, 20). In addition, he studied a large
number of freshly isolated pleomorphic bacteria. His first impression was, and
has remained unchanged, that the morphology of these organisms, though differ-
ent in details, is essentially similar. The small granules in the cultures of Li and
of the pleuropneumonia-like organisms are stained with methylene blue like bac-
teria, and sometimes appear as perfectly shaped, small, bipolar staining bacilli
In young colonies, some grow as short filaments, and the pleomorphism of the
cultures is produced by swelling of the organisms into large bodies of various
size, as in bacterial cultures. The morphology of these organisms seems essentially
similar to the morphology of pleomorphic bacilli.

Observing the development of S. moniliformis cultures on agar, it became ap-
parent that the bacterial colonies do not contain two types of growing elements.
The large bodies are produced by swelling and the granules by fractionation of
the bacillary filaments as in other pleomorphic cultures. Neither the large bodies
nor the granules show any multiplication in the bacterial colonies. Dienes never
found that the granules, which Klieneberger identified in autolyzed cultures (50)
as the elementary corpuscles of Li, were viable. Li colonies develop exclusively
from the large bodies (13) when bacillary cultures are transplanted. These bodies
increase in size, their contours become slightly irregular and from one or from
several points strands of Li granules grow into the agar. The appearance of ger-
minating large bodies is very characteristic. Such structures can be seen only in
young cultures of the L type or of the pleuropneumonia-like organisms, and their
presence is sufficient to indicate the development of these organisms. Not all large
bodies develop into LI, but some reproduce bacilli of the usual morphology (14).
The bacilli develop inside of the large bodies. Dienes observed also the return of
the bacilli in broth cultures of Li (8).
The observations that the morphology of Li is not essentially different from

that of bacteria, that the Li derives from the bacilli and returns into bacilli, and
that it is serologically similar to the bacilli, made it probable in the opinion of
Dienes that the Li is a changed form of the streptobacillus and not a symbiont.
His early observations on pleomorphic bacteria (9) indicated that the phenomena
observed in S. moniliformis are not exceptional but occur in other bacteria.
A similar point of view concerning the relationship of Li and the bacilli was

taken by Dawson and Hobby (6), who studied the serological reaction of the
bacilli and Li with an agglutinin absorption technique and found no marked
serological difference between them. The characteristics of Li did not seem to
Dawson (5) to exceed the morphological variations observed in bacteria. Oerskov
(67) came also to a similar conclusion by direct microscopical study of agar cul-
tures of S. moniliformis and Li.
The identity of Li and the bacilli was accepted also by Heilman (41) and by

Brown and Nunemaker (4). These authors studied carefully the reappearance
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of bacilli in the cultures of Li. Heilman isolated Li strains from seven different
strains of S. moniliformis. They were stable on agar, but in broth, all reproduced
the bacilli. With the lapse of time it required a longer period of cultivation in
broth or several transfers to regain the bacilli, and after varying lengths of time,
all Li strains lost the ability to return to bacilli. In two strains it was lost after
35 and 50 transfers respectively. Brown and Nunemaker subcultured an Li strain
on solid medium 120 times without loss of its ability to return into bacillary
form. Both authors made the transfers from single colonies. It is obvious from
these observations that the bacillus cannot persist in the Li colonies as a con-
taminant passively carried. It cannot multiply in the usual bacillary form be-
cause this grows much faster than the Li and would be apparent in the cultures.
The observations of Heilman and Brown and Nunemaker admit no other expla-
nation but that the bacilli grow from the L forms. The reappearance of the bacilli
in the Li has not been observed directly under the microscope. The Li never
returns en masse into bacillary form. According to Dienes' calculations, in the
best conditions only one in many millions of Li organisms will reproduce the
bacilli. The loss of the ability to return into the original form is not rare in bac-
terial variants.

Heilman (42) studied the growth requirements and the metabolic activities
of S. moniliformis and L1. The bacillus grew on certain media in the absence of
native animal proteins. The Li grew only if such proteins were present. The
metabolic activities of L1, especially sugar fermentations, were similar to those
of the bacillus but much less intense. These observations gave further support to
the essential identity of the bacillus and Li.
The conditions under which the bacillus is transformed into the L form were

discussed by Dienes (13). The tendency of different strains to be pleomorphic
and to produce Li varies considerably but remains relatively constant within one
strain. Strains isolated from pathological processes are usually highly pleomor-
phic, while the strains isolated from the pharynx of rats are often only slightly
pleomorphic and produce few Li colonies. Some strains of S. moniliformis tend
to autolyze and to die out. Some of these strains grow in the bacillary form in
broth but, when transferred to blood or serum agar, all the bacilli after a short
period of multiplication swell into large bodies, and growth continues only in the
Li form. These, when transplanted to broth, reproduce the bacilli again. In all
strains certain bacteriostatic agents have a similar effect. They induce all viable
bacilli to swell into large bodies and growth continues only in the L form. Such
observations suggest that the transformation of the cultures from the bacillary
to the L form depends on an environment unfavorable to the bacilli and less un-
favorable for the Li. The effect of penicillin (71) is most striking. The bacillus
is very sensitive to penicillin; the growth of some strains is inhibited by the
presence of 0.02 unit per ml of the medium. Li grows even in the presence of
10,000 units of penicillin per ml, and strains of Li occurring spontaneously in a
culture are just as resistant as those developing in the presence of penicillin. Li
also developed from the bacillus on agar containing appropriate concentrations
of glycine and carboxylmethoxylamine (33).
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The agar seems to be important for the growth of L1. The pleomorphism of S.
mnniliformis is less apparent in broth than on agar, and the development of Li
from bacilli has not been observed in broth. Li transferred to broth usually pro-
duces few, large compact colonies adhering to the wall of the culture tube. Growth
is much better in Brewer's medium. On coagulated egg, development is very
slight, few microscopical colonies develop, consisting of one layer of organisms,
and the medium is not invaded.
The morphological transformations observed in cultures of S. moniliformis are

represented in a diagram in figure 1. The consecutive steps of their transforma-

* e3

The bacilli develop into The large bodies either develop into The bacilli are re-
large bodies by gradual Lformsorreproducethebacilliwith- gained from the L
swelling. in themselves. forms or directly

from the large
bodies produced
by the bacilli.

FIG. 1. Transformation processes observed in Streptobacillus moniliformis.

tion were reconstructed from various observations, especially from stained agar
preparations made at short intervals from growing cultures. These processes
were observed later in slide cultures from single cells in Bacteroides.

Bacteroides. The second group of bacteria, the L forms of which were thor-
oughly studied, were gram negative anaerobic bacilli belonging to the genus
Bacteroides. The L forms were studied by Dienes (12, 23, 32), Smith (80), Eliene-
berger (51) and by Smith, Hillier and Mudd (82). All these authors agree that
these L forms are similar in the appearance of the colonies and inl cellular mor-
phology to L1. In the one strain of Bacteroides (strain 132) the derivation of the
L forms from the bacilli was clearly apparent as were also the conditions under
which that process occurs. This strain was used in most of the studies made on
Bacteroides.
Both the bacillary and the L forms of Bacteroides grow only under anaerobic
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conditions and the L forms only in the presence of animal serum. The L forms of
Bacteroides, like the bacilli, produce gas, though much more slowly, in Brewer's
medium. The cultures of the L forms and of the bacilli have the same characteris-
tic odor, indicating a similarity of their metabolic processes. The serological
properties of the L forms have not been studied.
The cultures of strain 132 on agar consisted of regularly shaped small bacilli

for a period following isolation. Growth started in similar form in liquid media,
but after three hours of incubation, the bacilli developed into short filaments
which later showed a kink and a swelling at their center. The swelling increased
in size and after 12 to 17 hours of incubation, the culture consisted of large
bodies more like yeasts than bacilli. If the broth culture was transferred to fresh
medium, either agar or broth, at any time during the development of the large
bodies, the filaments including the swellings segmented within a short time into
small bacillary forms, which continued to multiply in such forms. The bacilli are
preformed in the swellings as well as in the filaments. In 24-hour or somewhat
older broth cultures, almost all large bodies were viable, but when transferred
from broth to agar, they behaved in a different way. Some developed into bacilli,
but segmentation occurred only after a considerable growth and deformation of
the large body. The bacilli are more thoroughly changed in the older than in the
younger large bodies and regain their usual forms less easily. Other large bodies
of 24-hour broth cultures transferred to agar develop into L forms. This process
occurs in the same way as in S. moniliformis. The large bodies produce L forms
only on agar. With increasing age of the culture, viability of the large bodies
decreases, and the proportion of large bodies developing into L forms increases.
The development of the large bodies into L forms and into bacilli was observed
in slide cultures and photographs were published of consecutive stages of these
processes (32).
The phenomena just described could be observed only for a short period fol-

lowing the isolation of the strain. After a few transfers either to agar or broth, the
pleomorphism disappeared, growth in broth became more abundant, and no L
forms were produced. Pleomorphism persisted only in cultures preserved by re-
frigeration in a C02 icebox. Pleomorphism could be restored, however, by passing
the strain with the help of penicillin through the L form (23). The cultures
regained from the L forms were as pleomorphic as after the original isolation
and again lost their pleomorphism after a few transfers.
The observation that the pleomorphic forms of young broth cultures segment

immediately into bacilli when they are transferred to fresh medium suggests that
the pleomorphism is produced by the metabolic products accumulating in the
medium. This conclusion is supported by the observation (23) that addition of
penicillin to the broth induces the swelling of bacteria into large bodies in an
otherwise non-pleomorphic strain. The large bodies so produced after a short
exposure to penicillin developed into bacilli; after longer exposure to penicillin
(2 days), L type colonies were produced exclusively. The effect of penicillin is
apparently similar to that of the metabolic products. L colonies develop in pure
culture if strain 132 is inoculated on serum agar plates containing penicillin. Such
L type cultures, once isolated, grow equally well with or without penicillin.
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The L type cultures are stable on agar. The L forms cannot be induced to grow
in horse serum or ascitic fluid broth but they produce large fluffy colonies in
Brewer's thioglycolate broth with ascitic fluid added. This medium contains
0.2% agar (23). The bacilli recur in these cultures if they are incubated for long
periods. In one experiment Dienes passed two L cultures, isolated from strain 132
and another Bacteroides strain, repeatedly on agar plates with high penicillin
concentrations, then in 15 transfers on penicillin-free agar, always making the
transfers with a few colonies. From time to time the cultures were transferred to
broth. The bacilli reappeared in all broth cultures within from 4 to 32 days' incu-
bation. It is unlikely, as in the case of L1, that the bacilli were carried passively
or multiplied in the L colonies during this period because they grow much faster
than the L forms. The bacilli regained from the L form were similar in every
respect except pleomorphism to the original bacillary cultures.
Only a few Bacteroides strains, usually those isolated from pathologic processes,

are pleomorphic and produce L forms spontaneously. L type colonies develop
more often under the influence of penicillin but not as regularly as in S. monili-
formis. The irregularity of the results may be due partly to the inadequacy of the
medium. It is also possible that the genus Bacteroides, as it is defined at present,
is a heterogeneous group.
The most important results of the study of Bacteroides are the clear observa-

tion of the consecutive steps of the transformation from bacilli into L forms, the
recognition of the connection between metabolic products and pleomorphism of
the culture, and the observation of the reappearance of the bacilli in the broth
cultures of the L forms. The observations support the genetic identity of the L
forms and of the bacilli in Bacteroides as well as in S. moniliformis.

Proteus. The L forms of Proteus were studied by Dienes (18, 25), by Tulasne
(85, 87) and by Freundt (37).
A few large bodies are often seen in young agar cultures of Proteus among the

spreading filaments. Slight injuries to the filaments such as transfer to tap water
or to ascitic fluid or exposure to low temperature greatly increase the incidence
of large bodies. The spreaders of different strains are often antagonistic to each
other, and they are transformed into large bodies at the zone of contact when the
spreading cultures come together on the surface of the agar. None of these in-
fluences has any effect on the small bacillary forms.
The large bodies produced from the filaments are viable. They either return

to bacilli or produce tiny L type colonies. Both processes occur in a similar
manner as was described with Bacteroides. An attempt to isolate the tiny L
colonies with a micromanipulator was not successful (19). They could be isolated
and grown in pure culture only after much experimentation with the help of
penicillin.

Proteus strains cultivated from urine and stool specimens are usually greatly
inhibited by 10 units of penicillin per ml of the medium and growth is usually
absent with 50 units. When exposed to penicillin in broth, all viable bacilli swell
into large bodies which remain alive for several days but show no reproductive
processes in the broth. Transferred to agar they produce either bacilli or L
forms. On agar plates the number of colonies decreases gradually with increasing
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concentration of penicillin. The bacilli become more and more pleomorphic.
They grow in long filaments which develop fusiform swellings and later are
transformed into large bodies. The pleomorphism of these colonies is similar to
that of S. moniliformis. These colonies are bacillary colonies produced by the
growth of the usual bacilli. There is no gradual transition between the bacillary
and L type colonies.
The bacilli do not multiply on agar plates containing higher concentrations

of penicillin (several hundred to several thousand units). Within a few hours
the viable bacilli, the small bacilli as well as the filaments, swell into large bodies,
and somewhat later, small granules grow into the agar from many large bodies.
On most media, the granules do not develop beyond this initial stage and later
disappear. When the medium is appropriate, the granules develop into tiny L
colonies, which after two or three days, become macroscopically visible. In
most Proteus strains, a few colonies develop to a much larger size. After five
to seven days' incubation, the plate is densely covered by many tiny colonies
and a moderate number of larger colonies (1 to 2 mm). Dienes (25) designated
the small colonies as 3A, the large colonies as 3B. The structure and morphology
of both are essentially similar and correspond to the L type colonies in other
species. The growth requirements and the potential development of these two
types of colonies are different. The small 3A type develops only in soft agar and
only in the presence of animal serum. The type of serum exerts great influence
on their development. They can be kept growing without difficulty in sub-
cultures on appropriate media. The colonies begin to develop in a similar way,
whether or not penicillin is present, but in the absence of penicillin, if the cul-
tures are kept for a long period, the bacilli reappear and overgrow the plates.
This usually does not occur in less than 24 hours, and the cultures can be prop-
agated in the L form by daily transfers on penicillin-free agar. The reappearance
of bacteria becomes increasingly delayed and may require several weeks, if the
L strains are cultivated several months in the presence of penicillin. In penicil-
lin-containing plates, the L colonies continue to increase in size for several
weeks, and slowly an abundant, opaque, hard, confluent culture is produced
which adheres firmly to the medium. The appearance of such old cultures differs
considerably from the Li. However, the similarity in the morphology of the
individual organisms remains unchanged, and the young colonies growing in
fresh transplants are similar to Li.
The large 3B colonies can be induced only with difficulty to grow on the

surface of the medium. Such colonies develop abundantly in pour plates made
with nutrient agar containing several hundred to several thousand units of
penicillin and inoculated heavily with Proteus bacilli (28). Horse serum favors
their growth but is not necessary for it. They grow equally well in hard and in
soft agar. Under appropriate conditions about 1 of 20 viable bacilli develops
to 3B colonies. These colonies transferred to penicillin-free media reproduce
bacilli within a few hours. This occurs also after several months of cultivation
in the presence of penicillin. The bacilli start to grow from the large bodies in
the same way as was observed in Bacteroides. However, some of the large
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bodies develop to tiny L type colonies. L type colonies [3A] develop abundantly
if the 3B colonies are inoculated on the surface of soft horse serum plates con-
taining penicillin. The multiplication of the small forms in the 3B colonies could
not be observed on the surface of agar.
The 3B colonies are not formed by penicillin-resistant bacilli. Their morphology

is similar to the 3A colonies and differs considerably from the morphology of
bacillary colonies changed by penicillin. The bacilli recovered from 3B colonies
are not resistant to penicillin, even if these colonies are grown for several months
with a high concentration of penicillin. The growth of 3B colonies is not made
possible by a permanent change in their metabolism, but is connected with a
change in morphology and disappears when the usual bacterial morphology is
resumed. The 3B colonies grow equally well with any bacteriostatic concentra-
tions of penicillin; they are not penicillin-dependent. They have no increased
resistance to streptomycin or to glycine.
The serological and metabolic properties of 3A cultures were studied. Dienes,

Weinberger and Madoff (34) produced agglutinating sera in rabbits with three
Proteus strains and the corresponding L cultures. The antigen specificity of the
different strains was markedly different and the bacillary and L forms of two
strains reacted similarly both in vivo in the production of antibodies and in vitro
in the agglutination test. The bacilli and the L forms of the third strain reacted
only slightly with each other's sera. The serum made with the L form of this
strain reacted with other Proteus strains to a certain degree and in this respect
was a Proteus antiserum. No overlapping was present between the sera made
with Proteus and Salmonella L strains.

In the agglutinin absorption test, the bacilli absorbed the agglutinins both
from the bacillary and L sera of one strain, while the L culture did not absorb
the agglutinins from the bacillary sera. Apparently not all of the bacillary
antigens are present in sufficient amount in the L cultures. Tulasne (87) ob-
served the absence of H antigen in the L form, while the other antigens of the
bacillus were present in it.
The Proteus L type cultures grew only on agar. They did not grow on other

solid media such as coagulated egg or serum. Growth was not obtained in broth
or in Brewer's medium. Occasionally growth occurred in serum broth when a
small piece of sterile cotton or cellophane was rubbed over the agar colonies
and submerged in the medium (28). Apparently, the physical properties of the
medium exert as great an influence on the growth of 3A colonies as the presence
or absence of certain nutrients.
The 3A cultures present one of the most characteristic metabolic properties

of Proteus, the fermentation of urea. A slight digestive effect is apparent in
sedimented boiled blood agar plates. Coagulated serum incorporated in agar
is not digested. Fermentation of sugars has not been studied.

All Proteus strains freshly isolated from urine and stool specimens produce
abundant 3A colonies. Considerable difference between strains is apparent in
the viability of 3A colonies and in the occurrence of 3B colonies, on the surface
of the agar. Freundt (37) examined 31 Proteus strains, partly freshly isolated,
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partly stock strains. All produced L type colonies with penicillin but some
strains only in the presence of certain concentrations of penicillin. The behavior
of Proteus X2 and X19 differs from other Proteus strains. They are very re-
sistant to penicillin, and although L type colonies developed on penicillin plates,
it was not possible to keep them growing in subcultures. The L type colonies
produced by an XK strain grew well in subcultures. In addition to the X2 and
X19 strains carried in the laboratory, which were probably derived from the
strains isolated by Weil and Felix, the reviewers (28) studied six X strains,
recently isolated by Kauffmann and Perch (43) in Denmark.

Freundt (37) and Tulasne (87) did not distinguish between the 3A and the
3B colonies and for this reason it is difficult to compare their observations in
detail with those of the reviewers. Freundt observed the development of large
bodies and L forms in slide cultures and his drawings give a clear impression
of these processes. He observed that in some colonies the L forms returned into
bacillary forms which during the further development of the colony again
resumed the morphology of L forms. The description of the morphology of L
colonies given by these authors agrees well with that of the reviewers. Tulasne
(88) described recently growth of L forms (probably 3B) as a film on the surface
of broth. A filtrate obtained from this film through a porcelain filter (filtr6 sur
bougie) reproduced L colonies in the presence of penicillin and bacterial colonies
in its absence.
The diagram in figure 2 gives a brief survey of the transformation processes

observed in Proteus. All the different transformations except the growth of
bacilli from the 3A colonies were observed directly under the microscope.
The most important observation made with Proteus is the ease and regularity

with which the bacilli reappear in L cultures. If doubt exists as to the identity
of S. moniliformis and LI, this hardly can be maintained in Proteus. The meta-
bolic and serological properties of the L strains and of the bacilli also support
the conclusion that they are forms of the same organism.

Salmonella. Observations on the L forms of Salmonella were published only
by Dienes and his associates (22, 23, 93). Freundt (37) mentions that he observed
development of L type colonies in Salmonella.

Pleomorphic strains are rare in Salmonella and spontaneous development of
L forms has not been observed. The reviewers studied seven freshly isolated
strains of S. typhosa, one of S. enteritidis and five of S. typhimurium. Several
S. typhimurium and the S. enteritidis strains when transferred to soft horse
serum plates containing a few hundred to several thousand units of penicillin
per ml reacted in the same way as Proteus. Three A and 3B colonies with similar
properties grew on the plates. Three B colonies are not as easily produced in
Salmonella and could be propagated in subcultures only in pour plates. The
bacilli are reproduced from the 3B colonies in the same manner as in Proteus.
Three B L type colonies have not yet been obtained from S. typhosa. The great
variability of their production in one species, S. typhimurium, suggests that
their production probably depends to a large extent on environmental factors.
The small 3A colonies grew -with or without penicillin but only in the presence
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of animal serum on soft agar plates anaerobically incubated. The source of the
serum was of importance. The colonies grew best with horse serum. Rabbit
serum was less favorable and no growth was obtained with mouse or guinea pig
serum. The L strains isolated with horse serum could be adapted only with

3A

STAGE I STAGE UI STAGE U RETURN TO BACILLI

The large bodies de- The large bodies either segment into The bacilli are regained
velop either from fila- bacilli or grow into 3A or 3B L type either by (a) segmenta-
ments or from small colonies. tion of the large bodies
bacilli. derived from bacilli, (b)

by segmentation of
large bodies in 3B colo-
nies and (c) by an un-
known manner of devel-
opment in 3A colonies.

FIG. 2. Transformation processes observed in Proteus cultures.

difficulty to grow with rabbit serum. They did not grow in broth but grew in
Brewer's medium. Theyoung3A type colonies are similar in appearance to L1. On
appropriate media, they may grow to a larger size (2 mm) as moist transparent
colonies -with an opalescent center embedded in the medium. Growth in oc-
casional cultures progresses for several weeks, and large opalescent colonies
develop comparable in abundance to bacterial colonies and to old colonies of
Proteus L. The morphology of these colonies remains the same as that of the
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usual small colonies. The bacilli have not been recovered either in agar or in
broth from the 3A cultures.
With S. typhosa and S. typhimurium, several antibiotic and bacteriostatic

chemicals were tested for ability to induce transformation into L forms (33).
Aureomycin and chloramphenicol induced, in concentrations just inhibiting
bacterial growth, the swelling of a few bacilli to large bodies and from some of
these, tiny L growths started. The development of L colonies was very limited,
probably because the inhibitive concentration of the antibiotic for bacteria and
for the L type cultures is about the same. With streptomycin and terramycin,
no L forms were observed. From among many chemicals tested, dl-methionine
(28), l-phenylalanine (28), glycine and carboxylmethoxylamine induced the
growth of L type colonies, but only in a narrow concentration exceeding the
inhibitory dose for the bacilli. The bacilli swelled into large bodies and L colonies
grew from them as with penicillin. All the other bacteriostatic chemicals tested
were at least equally toxic to the L forms as to the bacilli.

It is of great interest that S. typhosa could be transformed into L forms by
exposure to antibody and complement. Rabbit antibody with guinea pig comple-
ment and fresh convalescent serum of patients with typhoid were especially
effective. The bacilli after 15 minutes or more exposure were transferred to soft
horse serum agar. A moderate number of the bacilli swelled on the agar into
large bodies, some of which developed typical L type colonies. In some plates
among a few bacillary colonies several hundred L type colonies developed.
The bacilli exposed to normal human and rabbit serum also occasionally pro-
duced a few L type colonies. The morphology, serological reactions and penicillin
resistance of these L colonies obtained by serological reaction were similar to
those isolated by penicillin. S. typhimurium was not lysed by antibody and
complement and produced no L type colonies when it was exposed to them.
L type colonies were observed also in typhoid cultures exposed to bacterio-

phage. They did not develop from the lysed bacilli but from tiny secondary
colonies which developed on the lysed areas of agar plates. The bacilli swelled
to large bodies in some of these, and L type colonies started to grow from these
large bodies.
The serological reactions and the sugar fermentation of a S. typhosa strain,

or a strain of S. typhimurium and of the L forms isolated from them were studied
(93). The sera produced in rabbits with the bacilli and the L form reacted
equally well with both. The overlapping in the serological reactions between
the two species was about the same with the L form as with the bacilli. No
overlapping was present between the L forms of SalmoneUa and Proteus. The
sugar fermentations of the L forms were less intensive than those of the bacilli
but otherwise they were similar. The S. typhimurium L produced acid and gas
with glucose and acid with maltose. Lactose and sucrose were not fermented.
The L form of typhoid bacilli produced acid and no gas in glucose and did not
ferment lactose. The tests with maltose and sucrose did not give clear-cut
results.
The considerations which apply to the relationship between the bacilli and
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the 3B L type growth in Proteus are applicable also to Salmonella. The return
of the 3A cultures to bacilli has not been observed in Salmonella, but the simi-
larity of their serological and metabolic properties to those of the bacilli indicate
that they are a growth form of the bacilli. The production of L forms by sero-
logical reactions and by bacteriophage is of great interest because this indicates
that L forms are produced under certain conditions which may occur in the
natural environment of the bacilli.

Shigella. Development of L type colonies was not observed with old laboratory
strains of Shigella (93). They developed in a few freshly isolated Flexner strains
when they were studied with a technique similar to that used with Salmonella.
The L cultures could be kept growing in subculture only with difficulty and
never more than a few colonies developed on the plates. Shigella sonnei was
very resistant to penicillin. A few bacillary colonies developed with as high
concentration as 1,600 units of penicillin per ml. Large bodies were produced
abundantly from the bacilli on the surface of the agar and from many of these
L type colonies started to grow. They failed to grow to a larger size and could
not be propagated in subcultures.

Escherichia coli. Occasional strains of E. coli isolated from infected urines are
spontaneously pleomorphic. Dienes (9) observed in 1939 that the large bodies
of some pleomorphic strains grow in transplants into tiny L type colonies. On
one occasion the reproduction of bacilli inside the large bodies was observed (10).
Two pleomorphic colon bacillus strains were more thoroughly studied (13).

In the cultures of one strain, 1706, masses of L granules grew into the agar under
the colonies preceding the autolysis of the large bodies. The large bodies of the
other strain produced L granules only when they were transferred to fresh
medium. Growth of the L forms in subcultures could not be induced.

E. coli is more resistant to penicillin than Salmonella, and regardless of the
concentration of penicillin employed, only a small proportion of the bacteria
swell into large bodies. Small L type colonies develop on penicillin plates, as
in naturally pleomorphic strains, but they remain very small and thus far have
not been grown in subcultures.

Vibrio comma. Minck reported the development of L type colonies on soft
serum agar plates containing penicillin. Subcultures were not successful (62).

Hemophilus influenzae and Hemophilus parainfluenzae. Type B strains of
H. influenzae isolated from blood cultures are usually highly pleomorphic. Such
strains are found less often in spinal fluid and are rarely isolated from the pharynx
or sputum. The pleomorphism is not clearly visible in smears, but it is apparent
in wet stained agar preparations. The appearance of the colonies sometimes is
similar to that of S. moniliformis. In certain strains, as in the colon bacillus
1706, preceding autolysis, many tiny L type colonies grow into the medium
from the large bodies. These tiny colonies could not be cultivated in transplants.

Transferred to plates containing penicillin, all viable influenza bacilli swell
into large bodies, and after a few days varying numbers of fairly large L type
colonies develop (28). These colonies are similar in structure and morphology to
the large 3B L type colonies of Proteus and Salmonella. Growth of these colonies
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was obtained only in one consecutive transplant on plates containing peni-
cillin (28). Upon transfer to penicillin-free media, the usual colonies of H. in-
fluenzae develop. Similar 3B L type colonies develop on plates containing ap-
propriate concentrations of glycine and methionine (28). The growth of these
colonies is not dependent upon the physical consistency of the medium, the
source of animal protein, the concentration of penicillin or anaerobic incubation.
The bacilli are reproduced from the large bodies of H. influenzae in the same
manner as in S. moniliformis inside of the large bodies.

Colonies corresponding to the 3A L type (of Proteus) are usually not observed
on penicillin plates. Dienes (28) reported the isolation of an L strain, correspond-
ing to the 3A type growing without difficulty in subcultures, from a pharyngeal
culture of H. influenzae. The relationship between the L forms and the bacillary
cultures could not be confirmed serologically because the bacillus was lost. This
single successful isolation of 3A L type colonies of H. influenzae stands against
many negative attempts. Since pleuropneumonia-like organisms often can be
isolated from throat cultures, contamination of the influenza strain with such
organisms in this one isolation cannot be excluded. Strains of H. parainfluenzae
and H. hemolyticus are often pleomorphic and produce spontaneously tiny L
type colonies (15). On penicillin plates sometimes 3B L type colonies develop (28).

PasteureUa. Two strains of Pasteurella isolated from the nasal cavities of rabbits
were studied on penicillin plates (28) by the reviewers. The bacilli swelled into
large bodies but L type colonies were not observed. Tulasne (85) mentioned
without detail the occurrence of L forms in P. pestis. Klieneberger (52) also
described L forms in this species, but in the opinion of the reviewers, it is prob-
able that the forms observed were pleomorphic bacilli.

Neisseria. N. gonorrhoeae cultivated directly from patients are often pleo-
morphic, and it is apparent in wet stained agar preparations that the cocci
swell into large bodies similar to those of gram negative bacilli. Small pleomorphic
colonies of N. gonorrhoeae easily can be mistaken for pleuropneumonia-like
organisms in impression preparations. Tiny L type colonies grow under some
of the pleomorphic coccal colonies (11). These L type colonies are very small
and soon disappear. Their nature would not be recognizable without reference
to other species in which the L type colonies are larger and grow in subcultures.
All viable cocci swell into large bodies on penicillin plates, and the development
of tiny L type colonies is rarely seen. They disappear early and do not develop
in transplants.
Brown and Hayes (3) reported the isolation and subculture of L type colonies

of N. gonorrhoeae on plates containing sulfonamides. The reviewers were unable
to confirm these observations. Morton et al. (63) reported recently that pleuro-
pneumonia-like organisms are often able to grow under a bacterial colony on
media otherwise inappropriate for their growth. Perhaps the L type colonies
observed by Brown were pleuropneumonia-like colonies growing in association
with the cocci.

Spontaneous pleomorphism occurs rarely in N. meningitidis. On penicillin
plates, the cocci swell into large bodies. L forms develop from N. meningitidis
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more often than from N. gonorrhoeae. It was not possible to grow these tiny
colonies to a larger size or to propagate them in transplants (28).

Miller and Bohnhoff (61) reported that streptomycin-resistant and dependent
N. meningitidis colonies develop on plates containing high concentrations of the
antibiotic. The properties of these colonies are not suggestive of L type colonies.
Streptomycin did not induce swelling of the cocci, or transformation into L
forms in experiments carried out by the reviewers.
N. catarrhalis strains isolated from the pharynx swell on penicillin plates

into large bodies, and in some strains tiny L colonies develop abundantly from
the large bodies (28). Thus far these L forms have not been propagated in sub-
cultures.
Gram positive bacilli. L type colonies were isolated from five strains of large

gram positive bacilli by Dienes (26, 27). Only one of these, a strain of Clostridium
tetani, was definitely identified. Another strain was identified as Clostridium
but the species was not determined. Two of the other strains grew equally well
aerobically and anaerobically and should be classified in the genus Bacillus.
The clasification of the fifth strain is uncertain.

C. tetani did not grow and did not change in morphology on serum agar con-
taining 400 and 1,600 units of penicillin per ml. Soft horse-serum agar plates
without penicillin were inoculated from a broth culture and about 1,000 units
of penicillin were deposited in small troughs made in the agar (27). Three zones
were present on these plates after two days' anaerobic incubation. No growth
developed in the area immediately surrounding the penicillin trough. Adjoining
this area was a zone of bacterial colonies of increasing size which were lysed by
the diffusing penicillin. Beyond this area, the bacilli grew as a spreader over the
plates. In the lysed colonies, the bacilli were swollen into large bodies. These
were very large (10 to 20 Mz) and many L type colonies developed from them. They
grew without difficulty in subcultures. The properties of these cultures thus far
have not been studied in detail. The morphology as seen with low and high
magnifications is similar to that of L type colonies isolated from gram negative
bacilli. Animal serum is not necessary for their growth. No growth was obtained
in liquid media and the bacilli could not be regained from the L type cultures.
The latter injected into mice did not produce tetanus.
The second Clostridium was obtained from a lung at postmortem examination.

No sign of gas bacillus infection was present. L forms were not obtained from
it on penicillin plates or by using the technique successful with C. tetani. When
the colonies in a two-day-old agar culture were streaked out on the uninoculated
areas of the same plate, a wide zone of inhibition was noted around the original
growth. The bacilli in the area of inhibition swelled into large bodies some of
which developed into L type colonies (26). The L type colonies were similar to
those of C. tetani and they grew better in the absence of horse serum. The pres-
ence of penicillin exerted no effect on their growth.
L type colonies were isolated with the same technique as used with tetanus

from a large aerobic gram positive bacillus probably belonging to the genus
Bacillus (26). It was designated as Bacillus S. This bacillus produced spores
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abundantly and L forms were isolated from the bacilli obtained from heated
spores. The L colonies obtained were similar to those of C. tetani. L type colonies
were isolated from two more gram positive aerobic bacilli. One (Bacillus 1) was
isolated from a contaminated blood culture, the other (Bacillus 2) from soil.
These L cultures differed both macroscopically and microscopically from the
L cultures of Clostridium and Bacillus S. The colonies had only a small opaque
center grown into the agar and a very fine circular periphery on the surface.
The colonies consisted of very small bacillary granules which swelled only
moderately on the surface of old colonies to the size of 2 to 3 microns. Their
morphology is quite similar to that of the filterable organism isolated by Laidlaw
and Elford (58) from sewage. However, the L type cultures could not be induced
to grow in broth in which Laidlaw and Elford's organism grew abundantly.
The appearance of these cultures on serum agar is very characteristic. After
the original small colony is formed, the organisms extend in small streams both
on the surface and into the agar and within a few weeks produce many small
secondary colonies. An area of several square millimeters can be covered in
this manner. The L cultures isolated from aerobic large gram positive bacilli
grew better in the absence of animal serum. Some grew only on hard agar, some
only on soft agar. In the case of the two last-mentioned bacilli, starch markedly
increased their growth. Broth cultures were not successful and the bacilli were
not recovered from the L forms.

In a strain of C. perfringens exposed to penicillin, the development of large
bodies and tiny L type colonies was observed by Dienes (26). A strain of B.
anthracis isolated in his laboratory did not produce large bodies or L type colonies
in the presence of penicillin (28). Many other aerobic and anaerobic gram posi-
tive spore-bearing bacilli isolated from contan ated media and from soil were
studied on penicillin plates. None, with the exception of the strains described,
produced L type colonies.

Bacilli of uncertain classification. Klieneberger (49) isolated an L type culture
from a bacillus obtained from suppurating lymph nodes of guinea pigs. The
bacillus resembled S. moniliformis in many respects. The cultures were lost during
the war and were not studied further.

After the discovery of the L1, the next L type culture observed was obtained
by Dienes from a bacillus cultivated from a human dog-bite wound (9, 13).
The bacillary cultures were distinctly yellow and the most probable classifica-
tion was as a Flavobacterium. The development of agar cultures immediately
after isolation of the strain was unusual. The small bacilli, transferred to agar
plates started to multiply and within a few hours produced tiny colonies. Then
multiplication stopped and the bacilli became pleomorphic and swelled into
large bodies. Where the inoculation was heavy the small bacilli reappeared and
produced a heavy confluent growth, consisting of small, regular-shaped bacilli.
The bacilli did not reappear where the tiny pleomorphic colonies were well
distanced and these developed into L colonies. This type of growth persisted
for a few weeks. Later the bacilli no longer became pleomorphic in the young
cultures and did not produce L type colonies. Nine years after the original
isolation of the strains, L forms were again produced on penicillin plates. The
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L cultures were similar in appearance to the 3A L cultures of Proteus. They
did not grow in broth and the bacilli could not be regained from them.

TABLE 1A
Summary of observations on L type cultures in bacterial species

(Species most thoroughly studied)

BACTERIA EXIBITING OCCURRENCE OF L TYPE TYPE OF L CULTURAL REVERSION TO
L TRANSFORMATION CULTURES COLONIES REQUIREMENTS BACILLI

Streptobacillus mo- Spontaneous, or by 3A Serum agar In broth
niliformis (4, 8, penicillin, gly-
41, 46) cine or carboxyl-

methoxylamine
Bacteroides (23, 32, Spontaneous, or 3A Serum agar, In broth

51) by penicillin anaerobic
Proteus (25, 37, 87) By refrigeration, 3A Soft serum agar In broth and

transfer into tap on agar
water, strain
antagonism, pen-
icillin, or car-
boxylmethoxyl-
amine

By penicillin 3B Agar (serum not In broth and on
required) agar (immedi-

ately on peni-
cillin-free
media)

Salmonella typhosa By penicillin, gly- 3A Soft serum agar; Not observed
(33, 93) cine, dl-methio- anaerobiosis

nine, I-phenyl- favorable
alanine, aureo-
mycin, carboxyl-
methoxylamine,
chloramphenicol,
antibody and
complement, or
by bacteriophage

Salmonella typhi- By penicillin, gly- 3A Soft serum agar, Not observed
murium, S. enter- cine, dl-methio- anaerobic
itidis (33, 93) nine, I-phenyl-

alanine, aureo-
mycin, carboxyl-
methoxylamine,
or by chloram-
phenicol

By penicillin 3B Agar (serum not In broth and on
required) agar (immedi-

ately on peni-
cillin-free
media)

An L culture developed on a penicillin plate from a small gram negative bacillus
(isolated (28) from the trachea of a dead guinea pig) whose appearance and



264 L FORMS OF BACTERIA [VOL. 15

cultural properties conformed to Pasteurella. The. L type cultures could be
maintained in subcultures without difficulty.

TABLE 1B
Summary of observations on L type cultures in bacterial species

(Species in which L forms were isolated but were not thoroughly studied)

BACTERIA EXHIBITING OCCURRENCE OF L TYPE TYPE OF L CULTURAL REVERSION TO
L TRANSFORMATION ULTURES COLONIES REQUIREMENTS BACILLI

Shigella paradys- By penicillin 3A Soft serum agar, Not observed
enteriae (93) anaerobic

Hemophilus influ- Spontaneous, or 3A Blood agar Not observed
enzae (21) by penicillin or 3B Serum agar On blood agar

glycine
Flavobacterium (9, Spontaneous, or 3A Serum agar Not observed

28) by penicillin
Gram-negative By penicillin 3A Serum agar Not observed

bacillus from
guinea pig phar-
ynx (probably
Pasteurella) (28)

Clostridium tetani By penicillin 3A Nutrient agar Not observed
and 1 strain un- (serum not re-
identified (27) quired) anaer-

obic
Bacillus 3 strains By penicillin 3A Nutrient agar Not observed

unidentified (26) (serum not re-
quired) anaer-
obic

TABLE 1C
Summary of observations on L type cultures in bacterial species

(Species in which the initial development of L type cultures from the bacteria
was observed, but the L forms were not propagated in subcultures)

BACTERIA EXHIBITING OCCURRENCE OF L TYPE TYPE OF L CULTURAL REVERSION TO
L TRANSFORMATION CULTURES COLONIES RUIREMENTS BACILLI

Shigella sonnei (93) By penicillin 3A Soft serum agar Not observed
anaerobic

Escherichia coli (13) Spontaneous, or by 3A Serum agar Not observed
I penicillin
Vibrio comma (62) Penicillin ? Serum agar Not observed
Hemophilus parain- Spontaneous, or by 3A Blood agar Not observed
fluenzae (15, 28) penicillin 3B Serum agar Not observed

Neisseria gonor- Spontaneous, or 3A Serum agar Not observed
rhoeae (11), N. in- by penicillin
tracellularis (28)

The behavior of many other bacteria on penicillin plates was studied in addi-
tion to those already discussed (28). Several strains of Pecudomonas aeruginosa
and Serratia marcescens were very resistant to penicillin and their growth and
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morphology were unchanged on penicillin plates. Streptococci, staphylococci,
and diphtheroids were sensitive to penicillin but their morphology was unchanged
by it. Some strains of alpha hemolytic streptococci spontaneously developed
large bodies but further development of these was not observed.

REVIEW OF THE PROPERTIES OF L TYPE CULTURES AND CONSIDERATIONS

PERTAINING TO THEIR NATURE

A brief survey of the observations relating to the L forms is presented in
table 1. The information available on the different bacteria included in the
table varies considerably. The first five entries in table 1A were extensively
studied and the derivation of the L forms from the bacteria seems to be well
established in them. The L forms were isolated in some other species but were
not further studied (table 1B). In S. sonnei, E. coli, the Neisseria and some other
species only the development of the tiny L type colonies was seen in the bacterial
cultures (table 1C). They were not isolated. It seems justifiable to put the well
studied and the less well studied species in the same table because all present
the most characteristic properties of L cultures. Not only are the appearance and
the morphology of the tiny colonies similar, but they are derived from the bac-
teria in a similar manner and under similar conditions. Under unfavorable con-
ditions, S. moniliformis, the Salmonella and Proteus produce only similar tiny
L type colonies. These were first observed in the two last-mentioned genera and
several years passed until the conditions which permitted their continuous
growth were discovered accidentally. Consideration of the properties and nature
of the L forms should be based on the well studied species, but it is of interest
that the initial stages of their development were observed in several genera and
families. Thus, this ability to transform into such forms may well be a general
property of bacteria.

Transition from bacterial to L forms occurs in all species in a similar way.
The bacteria swell into large bodies and the L forms grow from these. This
process was observed directly in several species (S. moniliformis, Bacteroides,
Proteus, E. coli, H. influenzae and S. typhosa). In the other species the swelling
of the bacilli into large bodies always preceded the development of L forms.
The photographs 1 to 11 in Plate J2 illustrate this process in Proteus.

2 The illustrations in Plates I and II are intended to convey an impression of the actual
observations of the unusual morphology of the organisms and of the fitness of the micro-
scopic technique used for their study. It would be difficult to present convincing evidence
in the illustrations for the accuracy of the interpretation of the structures visible in the
photographs. The evidence for the opinions of the reviewers is presented in the text and
more fully in the original papers.
Many of the photographs were made from wet unstained or stained agar cultures. The

latter permit one to see not only the structure of the colonies but the morphology of the
organisms. However, the individual organisms cannot be photographed from such prepara-
tions because their arrangement is tridimensional. Drying of the agar compresses the
colonies vertically so that the organisms are more nearly in a plane and can be better photo-
graphed. Sometimes an excellent impression of young colonies remains on the glass after
lifting the dry stained agar film. Agar fixation gives a good impression of the large 3B L
colonies but it is not applicable to young or to small colonies. The L forms of different
species are so similar that illustrations of any one apply almost equally well to all.
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PLATE I
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The appearance, physical properties, staining reactions and autolytic phe-
nomena of the large bodies developing from the bacilli are similar in all species.
The large bodies in many species have the double potentiality of developing
into L forms or of reproducing the original bacilli. It is not apparent from their
morphology which course their development will take. Bacilli develop either
inside the large bodies (as in S. moniliformis (14) (Photograph 26, Plate I),

PLATE I

Plate I illustrates the development of L colonies of Proteus, the morphology of these and
similar colonies in other species and the growth of bacteria from the large bodies. Photo-
graphs 1, 2, 3, 4, 8, 11 and 27 were made from wet stained agar preparations; Nos. 6, 7, 9
and 19 were made from unstained agar; Nos. 11, 12, 13, 14, 20, 21 and 25 were made from
dry stained agar preparations.

1. A young colony of Proteus (4 hours) on the surface of agar without penicillin. X 900.
2. The surface of penicillin agar inoculated at the same time as No. 1 after 6 hours' incu-

bation. All bacilli have swollen into large bodies. X 900.
3 and 4. An area of the same plate as No. 2 after 24 hours' incubation. In No. 3 the focus

is on the surface. The large bodies (marked with letter "a") are less well or not at all stained
and many are vacuolated. In No. 4 the focus is lower and it can be seen that three small
colonies consisting of very small organisms have started to develop under the large bodies
which appear only as dark shadows. X 900.

5. A large body (a) and an L colony (b) developing from it. This photograph was made
from a lightly inoculated area of the same plate as Nos. 3 and 4 from a dried stained agar
preparation. X 900.

6. Young 3A colonies photographed after 2 days' incubation. X 100.
7. Well developed 3A L colonies. X 100.
8. A young 3A L colony with dark center and light periphery. This is a characteristic

appearance of young L colonies in wet stained agar preparations. X 100.
9. Three small 3B L colonies after 1 day's incubation. In one, only the center of the

colony is developed; in the other two the dark center is surrounded by large bodies. X 200.
10. A larger 3B colony after 2 days' incubation. Unstained agar. X 200.
11. A small 3B L colony with moderate magnification (X 900). It corresponds to the

colony without peripheral large bodies in No. 8. This colony contains all the transitional
forms from very small to very large. The differences between Nos. 4, 21 and 22, on the one
hand, and No. 11 on the other, are characteristic of the microscopic structure of the young
3A and 3B L colonies.

12. The periphery of a 3A L colony spreading in the agar consisting of small forms.
X 2,000.

13 and 14. The morphology of individual organisms in 3A L colonies from impressions
obtained from dried stained agar preparations. The smallest forms are near the limit of
resolution of the microscope. They are often in pairs or in short chains. The impressions
represent the surface of the colony and the majority of the organisms are in the process of
swelling into large bodies. X 3,000.

15, 16 and 17. The morphology of the organisms in the 3B colonies of Proteus. They were
made of impressions from dried stained agar. The similarity of the organisms to those of
the 3A colonies is apparent. All transitional forms are present from the smallest to the large
bodies. The small forms are often in pairs and in short chains (No. 17). Two pairs are marked
in which one organism has grown to a larger size than the other. It is difficult to make
satisfactory photographs of the small forms because in the center of the colony they are
embedded in mucoid material and are not in one plane in the preparations. X 2500.

18. Large bodies with the small forms apparent in them. The small forms are arranged
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H. influenzae (28) and E. coli (10)), or the large bodies may first present an ir-
regular growth and divide into segments (Photograph 27, Plate I). In this case
the regular bacillary forms are restored after a few more divisions (as in Proteus
(18), Bacteroides (32) and Salmonella (93)). In both cases, the large body con-
tains many individual growing elements.
The L forms grow from the large bodies as strands of small refractile granules.

In some cases the large body disintegrates into many L granules. Tulasne (88)
described development of the L forms as small granules with intense Brownian
movement in vacuoles which by gradual enlargement fills the whole large body.
The reviewers have not observed such a process.
The manner in which the colonies develop and the appearance of a fully

developed colony under low magnification are very characteristic and are seen
only in cultures of the L forms and of the pleuropneumonia group of organisms.
Various appearances of the young and fully developed colonies are illustrated
in the plates. Dienes has never seen bacterial colonies with a similar appearance
and structure during 12 years of experience with the L forms and the pleuro-
pneumonia group.
The characteristic structure of young and mature L type colonies is largely

the result of the penetration of the growing L forms into the agar. The invasion
of the agar appears to be necessary for their growth. In broth, bacteria often
become swollen into large bodies but further development into L forms does not
occur. L type cultures isolated on agar and transferred to broth usually do not
grow unless some agar (0.1 to 0.2%) is present. Occasionally, cultures adhering
to cellophane or a cotton ball can be induced to grow in broth (28). On coagulated

in pairs and short chains and vary in size like those in Nos. 16 and 17. Impression prepara-
tions from cultures stained in sitit with methyl violet. X 2,000.

19. 3A and 3B 1 colonies as they appear on the agar with the hand lens. A penicillin
agar plate inoculated with Proteus. X 1.5.

20. A small LI colons. Strands of small granules spread in different directions into the
agar. This appearance is characteristic of young 3A L colonies. X 900.

21. Part of an LI colon! similar to that in No. 20. Few of the individual organisms are
well defined but the characteristic structure of the colony is clearly visible. X 2,000.

22. Small forms from the center of a typhoid LJ colony in Brewer's medium. Agar fixa-
tion preparation stained with azure II. X 2,000.

23. Edge of a Salmonella 3B colony with small forms of various sizes, probably formed
by disintegration of a large body. They are similar to those in 3B colonies of Proteus. Agar
fixation stained with toluidine blue. X 3,000.

24. Small forms from the center of a Salmonella 3B colony. Agar fixation stained with
toluidine blue. X 3,000.

25. Small forms from the L colony of a gram positive bacillus. Impression from dry
stained agar. X 3,000.

26. Large body of Streptobacillus from a few-hour-old transplant. The Iacillary fila-
mernts have grown slightly and the large body is filled with bacillar) forms. Agar fixation.
X 3,000.

27. Large bodies of Bacteroides produce(l in penicillinI broth transferred to penicillin-
free agar starting to develop into bacteria. The large bodies are deformed; branching fila-
ments grow out and later segment into bacilli. X 900.
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serum or egg the L forms either do not grow or produce a slight growth consisting
of one layer of organisms. The physical properties of the medium exert a great
influence on the development of the cultures.

Although the basic structure of all L type colonies and the morphology of in-
dividual organisms is similar, the macroscopic appearance of the cultures isolated
from different bacteria varies considerably and is greatly influenced by the
composition of the medium and the degree of adaptation of the cultures to the
medium. L type cultures immediately after isolation in most cases resemble the
Li and consist of small opaque colonies firmly attached to the agar. When the
cultures become adapted to the medium, growth often continues for several
weeks or months. The center of the colonies may autolyze and the growth con-
tinues at the periphery. In Salmonella and some of the gram positive bacilli an
abundant moist surface growth develops. In Proteus, Flavobacterium and some-
times in Salmonella, the colonies grow to firm opaque masses adhering to the
agar. In a Clostridium some of the L colonies increased slowly to a size of 10
mm and in another bacillus a creeping growth with many daughter colonies
may develop (Photograph 15, Plate II).

Klieneberger (50) and Dienes agree that the only morphological elements
visible in the cultures are the small forms, the large bodies and the transitional
forms. It is apparent that the small forms are reproductive because they are
present alone in young colonies and at the spreading edge of larger colonies. The
arrangement of the small forms indicates that they multiply by division like
bacteria. However, in most cases growth does not start from individual organ-
isms, only from a heavy inoculum. The size of the smallest forms in micro-
scopical preparations is between 0.3 and 0.5 micron. Klieneberger (53) recently
measured the size of the smallest units capable of reproduction in an old Li
culture by filtration through gradocol membranes. It was 175 to 250 microns,
about the same as the large viruses and the smallest reproductive forms in the
pleuropneumonia group. As in the latter, only a small proportion of the or-
ganisms in the Li cultures were of such small size. Filtration of the old Li
culture was possible because it would grow from the resultant small inoculum.
In most cases filtrates, even from coarse Mandler filters, remain sterile.

Klieneberger believes that the basic form of the small granules is spherical and
all elongated forms are produced by the influences of the environment. Dienes'
impression is that the small forms are often elongated and distinctly bacillary.
They may grow into short curved filaments and sometimes have the appearance
of tiny bipolar stained bacilli (20).
The small forms gradually swell into the large forms and in most cultures the

majority of the organisms are in various stages of this process. The appearance
of the large bodies is entirely similar to those developing from bacteria. The
impression of both Klieneberger and Dienes is that the large bodies reproduce
the small forms. In Li the growth of the small forms from the large bodies has
been observed (13) in the same culture which was used later in the filtration
experiment. Morphological observations give support to the supposition that
a similar process occurs in other cases. The large bodies in some L cultures are
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filled with granules similar in size, staining and arrangement to the growing small
forms (Photograph 18, Plate I). These granules are often present in masses after
the disintegration of the large bodies. All transitional forms present from the
smallest to the largest in cultures and organisms of varying size may be seen
in short chains. It has thus far been impossible to observe directly the growth
of the granules produced in the large bodies because very few of them will de-
velop into a colony on the surface of the agar. The fact that the large bodies de-
rived from bacilli reproduce bacilli and L forms gives support to the supposition
that the large bodies are reproductive also in the L cultures.
Both the small and the large forms in the L cultures are soft and fragile. One

of the characteristic differences between the bacterial and L colonies is their
reaction to a slight mechanical injury. When a coverslip is placed on the agar,
the individual bacilli are often dispersed on the agar in the area surrounding the
colonies but their shape remns intact. The L colonies behave like a mucoid
mass. Their edges are drawn into thin sheets or filaments in which the individual
organismsa are not recognizable. The staining of the L forms is slight in dry prepa-
rations. The young growth is deeply stained in wet stained agar preparations
with the same hue as bacteria.
Except for their small size, all characteristics of the L forms including their

fragility occur in pleomorphic bacteria. Not any single property but a characteris-
tic combination of properties differentiates the L forms from the usual bacteria.
The 3B colonies observed in Proteus, Salmonella and Hemophilus differ from

the other L colonies by their faster and more abundant growth. Like the 3A
forms, they start to grow as small granules penetrating into the agar. The
granules stain more deeply, have a sharper contour and have a greater tendency
to swell into large bodies (Photograph 11, Plate I). Sometimes, even in very
young colonies consisting of a few dozen organisms, the majority of these are
large bodies and only a few small granules are seen at the periphery. The swell-
ing occurs not only on the surface of the medium but also within the agar and
thus gives a distinctive appearance to the youngest 3B colonies. In older colonies
after the initial invasion of the agar, growth seems not to depend on direct
multiplication of the small forms but on the cycle of swelling to large forms and
the disintegration of these again into small forms.
The most important difference between 3A and 3B colonies is in their relative

stability. If penicillin is eliminated, the 3B colonies reproduce the bacilli en masse
within a few hours. A return of the bacilli in the 3A colonies was observed in only
three species (Proteus sp., Bacteroides sp. and S. moniliformis), and the bacilli
reappeared only after prolonged incubation and never en masse. Whether the
3A cultures in other species completely lost the ability to return to bacillary
forms remains undecided. The gradual loss of this ability was observed in Li
and in the L forms of Proteus. Growth in liquid media, which seems to be a pre-
requisite for the return of bacteria, was observed only in Salmonella sp., in addi-
tion to the three groups of bacteria already mentioned. This genus is the only
one in which 3A L type cultures developed in liquid media and were stable. The
observations with the other L forms in which the return of bacteria was not
observed carry little weight because they were not thoroughly studied.
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The large bodies of the 3B colonies and those developing directly from bacteria
present entirely similar reproductive processes. Both reproduce either L forms
or bacteria. Neither of them grows in broth containing penicillin. On the surface
of agar, if penicillin is present, they develop into 3A colonies and only rarely
into 3B colonies, while in pour plates they more often produce 3B colonies. In
the 3B colonies, the large bodies produced from the bacteria multiply without
a change in their potential development. 3B colonies have been observed thus
far only in the presence of penicillin and on agar medium. They probably are
not observed more often because they are less stable than either the bacilli or
the 3A colonies, and it is difficult to realize the conditions necessary for multipli-
cation in such forms.
The properties of 3A and 3B L type colonies suggest that under certain con-

ditions, bacteria are able to multiply limitlessly, but their morphology changes
and their metabolic rate decreases. This change apparently occurs in two steps:
(a) Development into large bodies and 3B L type colonies. From these the bac-
teria reappear readily. (b) Growth of 3A L type colonies which develop more
slowly, whose growth requirements are more specific and from which the return
to the usual bacterial form is not often seen. The source of the difficulty of
recognizing the L forms in the natural habitat of bacteria and of assessing their
significance may be that the 3B forms are the true variant and in our cultures
they resume the bacterial form.
Our knowledge of the structure of bacteria was considerably advanced by

the study of their chromatinic structures. The chromatin is present in granules
which probably exert nuclear functions and indicate the cells or living units
from which the bacteria are built (1, 70, 73). The bacterial filaments, like those
of molds, contain many cells arranged in a row and enclosed in a common cell
wall. The chromatin granules are stained clearly in the bacterial filaments of
Bacteroides strain 132 (32) or of Protew sp. (85). When the large body begins to
develop, the chromatin granules instead of extending linearly slide by each
other and are arranged tridimensionally. The well-developed large body con-
tains chromatin granules similar to those of a bacterial filament and seems to
be analogous to the filaments, with the difference that the spatial arrangement
of the cells changes (Photographs 4 and 5, Plate I). The chromatin granules
are distributed into the bacteria which develop from them (Photograph 6,
Plate II). When large bodies disintegrate into bacilli, segmentation, separating
pre-existing units as in the usual bacterial filaments, can occasionally be seen
(Photograph 2, Plate II). The swelling into large bodies is a growth process, and
it is certainly not the consequence of osmotic changes.

Another structural property of the large bodies is apparent in Proteus. Under
certain conditions such as, for example, when the spreading filaments of Proteus
are transferred to tap water, the large bodies are not produced by gradual swell-
ing, but the content of the filament flows out from the membrane within a few
minutes and produces a large body (18). The filament meanwhile visibly col-
lapses. This process was described by Dienes (18), and was also observed by
others (37, 89). The large body so produced has no membrane comparable to
bacterial membranes, although it is elastic and resists considerable mechanical
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injury (18). When the large body develops into bacilli, rigid bacillary cell walls
develop only after the cells return to their usual bacillary form. When the large
bodies develop into L forms, small soft granules grow out from the large body,
and continue to grow in this form. It is apparent that Proteus can survive de-
void of the usual bacterial membrane, and the L form seems to be the growth
of the elementary units of bacteria without a membrane.

Boivin et al. (1) developed an efficient method for the staining of the chromatin
in bacteria by extraction of the ribonucleic acid from the protoplasm with the
help of ribonuclease. Tulasne applied this method (85, 86) to the study of L
transformation in Proteus. The large bodies presented the structure already
mentioned and the small L forms consisted mainly of desoxyribonucleic acid
granules with a narrow fringe of protoplasm. Boivin, Tulasne et al. observed
also that under the influence of penicillin which is so effective in producing L
forms, the desoxyribonucleic acid content of bacteria markedly increases, and
in contrast, the ribonucleic acid content decreases (1). Glycine which produces
L transformation is also connected with nucleic acid metabolism. Tulasne (89)
is inclined toward the consideration that in the L forms the metabolism is con-
centrated to the synthesis and preservation of the most important part of the
cell, the nucleus, without regard to most of the other components of the cell.
The change of structure and slowing down of the metabolism may secure the
survival of the bacteria in conditions in which the usual bacterial form cannot
survive.

It is too early to say whether the considerations just described will give the
final answer concerning the nature of L forms, but they are of importance be-
cause they give a reasonable explanation for the transitions between the L
forms and bacteria.

It is not known whether the chromatin granules have to pass through a change
before they can grow out as L forms. Dienes and Smith (31) observed that some
of the chromatin granules in the large body grow to a -larger size, and the L
forms apparently arise from them. However, it is possible that the-larger chroma-
tin-staining structure represents an L form already growing within the large
body. Klieneberger (52) recently described the origin of L forms from the fusion
of two of the elementary living units which are indicated by the chromatin
granule within the bacilli. These granules, as in a sexual process, participate in
the fusion. These observations if substantiated would be of the greatest interest.
However, in the opinion of the reviewers, the descriptions -and illustrations of
this process are not conclusive. Furthermore, the observations deal with bacteria
made pleomorphic by various injurious agents and not with true L.type cultures.

Smith, Hillier and Mudd (81, 82) studied pleuropneumonia-like organisms
of human origin and the bacillary and L forms of Bacteroides -strain 132 with
the electron microscope. The main difference observed between, the bacilli and
the two other groups of organism was in the character of the cell membrane,
which was more delicate in the latter than in the bacilli.

Although the rigid bacterial membrane is lacking in the pleuropneumonia-
like organisms and L forms, a definite cell boundary is clearly seen in stained
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preparations and with electron microscope, both in the small organisms and
the large bodies. The boundary between the individual organisms inside the
large bodies, regardless of whether they develop into bacilli or into L forms,
only becomes visible when the smaller forms have segmented from each other.
The L forms once separated do not coalesce with each other to form larger ones.
The large body is derived from a single small organism which probably under-
goes multiplication remaining inside of a common envelope.
The apparent connection between rough growth and L transformation should

be mentioned. Concentrations of penicillin too small to inhibit bacterial growth
will induce the development of long filaments and the colonies then acquire a
rough appearance. Somewhat larger amounts will induce swellings in the bac-
terial filaments. Sublethal concentrations of various toxic substances, HgC12,
for example, produce similar changes. A slight interference with the usual re-
productive process produces growth as filaments, while a greater disturbance
may change the spatial arrangement of the undivided growth. The large bodies
and L forms may represent the limit of the transformation, the first step of
which is rough growth.

SEROLOGICAL AND METABOLIC PROPERTIES OF L TYPE COLONIES

In contrast to the developmental and morphological characteristics, the
serological and metabolic properties of L type cultures isolated from different
species differ considerably from each other and resemble those of the parent
organism. The serological properties of the L forms of Streptobacillus (6, 41,
48, 49), Proteus and Salmonella were studied (34, 93). In most strains, the
serological similarity between the L forms and bacillus appeared to be complete,
but in some, differences were present in the titers of the sera or were demon-
strated by agglutinin absorption (table 2).

Agglutination occurs with the L form usually in low titer and the turbidity
of the emulsion increases considerably with high concentrations of the antiserum.
In that respect, the reaction is similar to the precipitin reaction. The filtered
extract of the agar cultures of Proteus L forms gave excellent precipitin reac-
tions. Similar reactions were not obtained in Salmonella sp.

It would be of great interest to study the antigenic structure of the L forms
compared with those of the bacteria. The same can be said concerning the study
of the metabolic activities and enzyme systems of L forms. Such studies may
prove more important for the understanding of the nature of the L transforma-
tion than the study of the morphology of L forms. It may also help in under-
standing the effect of penicillin on bacteria, since there is an abrupt change in
the reaction of bacteria to penicillin when they grow in the L forms. Changes
produced in the metabolism of staphylococci and of Proteus by penicillin were
studied recently by Ebel, Vendrely and Tulasne (35, 36).

CONDITIONS FAVORING THE TRANSFORMATION INTO L FORMS

The spontaneous development of L forms is always preceded by autolytic
processes in the bacterial cultures (13, 32). Multiplication in the usual bacterial
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forms is arrested and either all or a certain percentage of the bacteria swell to
large forms. This process seemingly is caused in many cases by the accumulation
of metabolic products. This was apparent in broth cultures of Bacteroides strain
132 and in agar cultures of the Clostridium described above. Spontaneous
pleomorphism in a usually non-pleomorphic species is probably the result of a
temporary disturbance in the metabolic processes of the bacteria. This conclusion
agrees with the observation that pleomorphism and swelling of bacteria into
large bodies occur under various conditions interfering with usual growth.
This subject has a large literature which has been reviewed repeatedly (44,
79, 92).

TABLE 2
Summary of bacillary and L agglutination reactions

ANTIGENS

ANISER S. sypkosa S. syphimrisum Proteus 552 Proteus *3

Bacillus L Bacillus L Bacillus L Bacillus L

S. typhosa
bacillus .............. 1:2500 1:32 1:80* 0 0 0 0
L................ 1:2500 1:32 1:80* 0 0 0 0

S. typhimurium
bacillus ............... 1:320* 0 1:2500 1:80 0 1:40* 0
L................ 1:160* 1:16* 1:640 1:80 0 0 1:10* 0

Proteus §S
bacillus ............... 0 0 1:5120 1:40 1:1280 0
L . . 0 0 1:40* 1:640 1:40* 0

Proteus S 8
bacillus.-.. 0 0 1:20* 0 1:5120 1:640
L................ - 0 0 0 0 1:5120 1:160

* indicates slight reaction.
0 indicates negative reaction.
- indicates not done.

Toxic substances in an otherwise appropriate medium often induce the de-
velopment of large bodies. Lowering or raising of the pH of the medium (72)
or absence of a required nutrient may have a similar effect. For example, strepto-
mycin-dependent bacilli may swell into large bodies when transferred to a
medium free of the antibiotic (69). Absence of growth factor "x" produces the
effect in certain of the hemophilia bacteria. High concentrations of organic
compounds such as glycine (33) dl-methionine, I-phenylalanine (28), caffein or
raffinose (56), light metal salts, and sublethal doses of certain heavy metal
salts induce swelling in almost all gram negative bacilli and occasionally in
gram positive cocci and bacilli. The effect of different bacteriostatic and bacteri-
cidal agents varies considerably in this respect; and simple exhaustion of the
medium in old cultures does not result in the swelling of bacteria. Various other
factors such as- exposure of the spreading Proteus filaments to cold (18), and
typhoid bacilli to antibody and to phage, may induce transformation into large
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bodies. The effect of penicillin is the most remarkable because it occurs in many
species and over a wide range of concentrations.
The tendency to become swollen into large bodies is variable among bacteria;

almost all will become swollen under certain conditions. It is interesting that
certain species, for example, the alpha hemolytic and non-hemolytic streptococci,
occasionally develop large bodies under apparently normal cultural conditions,
but they are uninfluenced by agents usually effective in producing large bodies
in other species.
The large bodies formed under such variable conditions often are viable, and

either return to bacteria or grow into L forms. Whether all large bodies are of
similar nature and should be regarded as the first step in the development into
L forms cannot be decided. The development of L forms was observed under
variable conditions such as spontaneous autolysis, exposure to penicillin, glycine,
carboxylmethoxylamine, refrigeration, tap water, antibody and to bacteriophage
(table 1). Varying numbers of the large bodies under these conditions also
returned to the bacterial form. This indicates that the nature of the large bodies
is probably the same whether or not L forms are produced. The various agents
inducing L transformation seem to have in common only that they interfere
with the normal reproduction and permit the growth of L forms. This is ap-
parent in the case of bacteriostatic chemicals, the ability of which to induce
the growth of L type colonies seems to depend upon their relative toxicity for
the bacteria and the L forms (33). In contrast with its effect on the bacteria,
penicillin has no toxicity for the L forms; carboxylmethoxylamine and glycine
are slightly less toxic for the L forms than for the bacteria and aureomycin and
chloramphenicol are about equally toxic for both. In the presence of the latter
two antibiotics, the L forms start to grow but soon die out.

THE POSSIBLE FUNCTIONS OF L FORMS OF BACTERIA

Transformation into L forms is produced apparently always by an injury to
the bacteria. It involves a change in the structure and metabolism of bacteria.
Is this transformation a purely degenerative process or is it a useful reaction
serving a definite purpose? Are the L forms specialized growth forms, or are
they accidental products of outside influences which are kept artificially in growth
in our cultures and would be eliminated under natural conditions? Heilman sug-
gested that the L forms are probably degenerative (41, 42). Only the discovery
of useful functions of L forms would help to answer these questions. Unfor-
tunately, our information is sparse and inconclusive on these matters.
That L forms may have a genetic function accomplishing the rearrangement

of hereditary properties of the strains has been considered. Certain charac-
teristics of Proteus sp. are especially helpful in studying this question. The
bacilli are easily regained from the L forms and changes in the individuality of
the strains can be easily determined (19). No change was observed in the strain
specificity of Proteus strains recovered from large bodies or from L forms (19,
24). This was the case even when the cultures were kept in the L forms for
several months, and when L forms of several Proteus strains were grown for
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several days in mixed cultures (28). However, the development of large bodies
in certain cases presents morphological similarities to the sexual processes of
fungi. It is often apparent that the large bodies in Bacteroides strain 132 develop
from the adjoining ends of two segments of the bacillary filaments (80) (Photo-
graph 1, Plate II). In certain cases the filaments of E. coli and S. typhosa first
produce an open loop and the large body develops from the fusion of the loop
(93). Observations of this type have been described repeatedly (59, 60). It is
unlikely that such complex processes are purely degenerative, but their signif-
icance is obscure at present. Dienes (17) called attention to morphological
similarities between the L type cultures and the "haploform" yeast cultures of
Winge (94).

It is remarkable that passage of the bacilli through L forms which are ex-
tremely resistant to penicillin does not increase the resistance of the bacilli to
the antibiotic. The only change in the properties of bacilli regained from the
L form is the marked pleomorphism which was observed in Bacteroides sp.
and Salmonella sp.
The L forms have an increased resistance compared with the bacteria in

autolyzed cultures and in the presence of penicillin and of some other bacterio-
static chemicals. Whether this means that they are resistant forms, resistant
not to drying and heat as spores, but to certain chemical injuries, is not certain,
because all our observations have been made under artificial conditions. We
have no evidence that the L forms play any role in the natural environment of
the bacteria. It is not known, for example, whether penicillin has any importance
in the competition between molds and bacteria (38).
When the bacteria were transformed into L forms, their pathogenicity had

disappeared in all cases. This was observed in S. moniliformis (13, 41), Flavo-
bacterium (13), and Salmonella (93) strains highly pathogenic for mice. S. monil-
iformis recovered from Li continued to be pathogenic, and fresh Li cultures
may revert in mice and produce a bacterial infection. The L type cultures are
similar in many respects to the pleuropneumonia group, and if they are similar
also in their pathogenic properties, it may be difficult to observe these proper-
ties. The pleuropneumonia-like organisms are strictly host-specific and their
virulence decreases rapidly under cultivation. Cultivation of L forms from
pathological processes may be unsuccessful because they are very sensitive to
the inhibitory effects of fresh tissue. Bacteria cultivated from pathogenic proc-
esses occasionally show a temporary pleomorphism like the bacteria regained
from L cultures. Whether this indicates that the bacteria recently regained their
usual form and then were present in the host in the L form cannot be decided
at present. An observation suggesting the pathogenicity of Bacteroides L forms
in a human infection was described by Dienes and Smith (32).

Pleuropneumonia-like organisms cultivated from urinary infections often are
indistinguishable morphologically from L type cultures (29). Such organisms
often can be cultivated from the mucous membranes following clinical adminis-
tration of penicillin. Whether these represent L forms of bacteria developing
in vivo or a part of the normal flora is as yet undetermined.
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Even if we have no positive information on the significance of the L forms,
the survival of bacteria in such forms can but arouse our interest. If they have
no other significance, they offer an opportunity for basic studies on the struc-
ture and metabolism of bacteria. They deserve interest from the viewpoint of
general biology because they belong to the smallest living forms capable of
independent life.

THE CONNECTION BETWEEN THE BACTERIA AND THE L FORMS AND THE SIMILARITY

OF PLEUROPNEUMONIA-LIKE ORGANISMS AND L FORMS

The consideration of the nature and functions of the L forms discussed thus
far presupposed that these forms are genetically identical with the bacteria.
The reluctance to accept this identity arises mainly from general considerations.
It means a radical change in our views on the morphology and variability of
bacteria and similar claims, often made in the past, were never supported by
convincing evidence. The great importance of the discovery of LI was that it
could be isolated and studied at will. A large part of the observations on the L
form are of similar nature; they are reproducible and they can be made with
simple and controllable techniques. No investigator who has studied the L
forms questions the validity of the basic observations. The problem is only in
the interpretation of the observations: Does the information which we possess
give sufficient evidence for the identity of L forms and bacteria, or does the
alternate explanation that they are parasites or symbionts of the bacteria retain
some probability?
As in the description of the properties of the L forms, we have to base our

conclusions on the most thoroughly studied groups of bacteria, the first five
entries in table 1. The pertinent observations are the following: a. The constant
presence of the ability in certain species to produce L forms. b. The observation
of the growth of L forms from bacteria. c. The serological and metabolic similari-
ties between L forms and their corresponding bacteria, and the absence of such
similarities between the various L forms. d. The reappearance of the bacilli
in the L cultures. e. The properties of 3B colonies.
Every strain of S. moniliformis, Proteus and Salmonella properly examined

produced L type colonies. The strains of Bacteroides and Flavobacterium, which
in cultivation lost the ability to produce L forms spontaneously, continued to
do so in the presence of penicillin. The attempts of Klieneberger to eliminate
the L forms from S. moniliformis were not successful (46). A similar experiment
was made by the reviewers on Salmonella sp. (28). Five strains were isolated
from individual colonies of a culture of S. typhimurium, and each strain was
transplanted six times also from individual colonies. It is probable that the
cultures at the end were descendants of single bacilli. Twenty-four colonies
were transplanted from these strains on penicillin plates and L forms grew
equally well from all of them. The observation that all viable bacilli swell to
large bodies in the presence of penicillin in the three species mentioned shows
that the tendency to L transformation is present in all bacteria.
The return of the bacilli from the 3A colonies was observed in three of the
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four intensively studied groups of bacteria. In Salmonella, where the 3A colonies
have proved to be stable thus far, the bacilli were recovered from the 3B colonies.
Albert Sabin, in several discussions at meetings of the Society of American
Bacteriologists, expressed the opinion that decisive evidence for the growth of
bacteria from the L forms would be obtained by filtration of the L cultures
through gradocol membranes and by regaining the bacteria from the fraction
of the smallest size. At present it would be technically difficult to make this
experiment, because our cultural methods are not good enough to grow the
organisms from the filtrates. It is desirable to study the filtrability of the L
forms. Howvever, the evidenice for the identity of L forms and bacteria can be
based only on observations which are available at present.
The most striking evidence for the identity of L forms and bacilli is furnished

by the behavior of 3B colonies. If cultures with similar morphology which are
stable in the absence of penicillin were not known, the 3B colonies would be
regarded simply as a modification of the bacterial morphology by penicillin and
their identity with the bacilli Awould not be questioned. If we admit the identity
of 3B colonies with the bacilli, the case is really decided for all L forms. Once it
is admitted that the bacilli can grow Awith the characteristic morphology of the
L forms in one case, there is no reason to object to this conclusion on the basis
of general considerations. It should also be considered that the morphological
differences between the L forms and bacteria are not so great as they originally
appeared. According to findings already discussed, there is transition betweenl
the structure of bacterial filaments, the large bodies and the L granules. When
the whole process of transformation is considered, the structure of the L forms
seems to derive by relatively simple steps from the structure of the bacteria.
Our information on the other bacteria represented in tables lB and IC is

incomplete. It already has been pointed out that all information which we have
on these L forms indicates that they are essentially similar to the species most
thoroughly studied. No observationis were made with them suggesting that they
are symbionts or parasites.
The only positive support for the symbiotic or parasitic nature of the L forms

is their morphological similarity to a group of microorganisms, the pleuro-
pneumonia group, which is thought to be different from bacteria. Klieneberger
tried to get more evidence for this supposition. The crucial proof for the parasitic
nature of L1, transfer of the supposed parasite from one culture to another,
could not be made with S. moniliformi8 nor with the later-studied bacteria, be-
cause no culture could be obtained free from the L forms. Klieneberger (48)
tried butlwas unable to produce an artificially symbiotic relationship between
the LI and pleuropneumoniia-like organisms and bacteria. During the sixteen
years since the LI has been kniowni, no observations have been recorded which
would give positive support to the parasitic theory and which would present
a difficulty for the identity of the L forms and bacteria. In the meantime,
many observations of various types have accumulated which uniformly sup-
port their identity. The parasitic theory was first considered and it has been
abandoned because it did not agree with the findings. This is apparent if the be-
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havior of bacteriophage and the L forms is compared. A strain of bacterium can
be freed from the phage and again infected with it. The phage survives and
multiplies only in the bacteria; its metabolism and serological properties are
widely different from those of the bacteria. It is generally accepted that the bac-
teria cannot be regained from them. The observations made with the L forms
are different in all these points.

It is not very important that the identity of the L forms and of the bacteria
be regarded as proven now, but it is very important that it be regarded as
probable. The L forms have at present no practical importance, but they may
be the starting point of much new information on bacteria. The direction of our
thoughts depends on what seems probable to us, and the future study of the L
forms will be greatly influenced by the views which we form of their nature.
The similarity of the L forms to the pleuropneumonia-like organisms is one

of their most interesting properties. It is the cause of the controversy concerning
the origin of the L forms, but if we admit that these forms are derived from
bacteria, their similarity to an independent group of organisms indicates that
transformation into L forms is under certain conditions an adaptive process.
A certain amount of similarity between the L forms and the pleuropneumonia

group is generally admitted. The question is whether these two groups of or-
ganisms can be differentiated from each other, and if not, whether they should
be regarded as essentially similar in nature. A concrete example will illustrate
the problem. Organisms of the pleuropneumonia group usually can be isolated
from the human throat and from the female genitals (29). These organisms were
studied by several authors and their classification with the pleuropneumonia
group is not questioned. No connection of these organisms to bacteria is ap-
parent. The reviewers believe that if the 3A L forms of Salmonella which do not
return into bacillary forms were cultivated from similar sources, they would
be regarded also as members of the pleuropneumonia group. There is nothing
in the appearance of the colonies or in the morphology of the organisms to
differentiate them from this group. Only the study of the serological and meta-
bolic properties would identify them as Salmonella L cultures.
The photographs in Plate II illustrate this similarity. They were made from

organisms isolated from human genitals. The appearance and structure of the
colonies, the small size of the organisms and their arrangement in the growing
colonies, and their swelling to large forms are very similar in both groups of
organisms. The small granules are produced in the large forms and grow out of
them in a similar way (Photographs 26, 27, 28, Plate II). The physical properties
of the organisms such as softness, fragility and staining reactions are similar in
both groups. Furthermore, the Salmonella 3A cultures, like those of the pleuro-
pneumonia group, require for growth a complex medium with fresh animal
protein; they are equally insensitive to the action of penicillin and equally
sensitive to other antibiotics. Slow growth of the cultures is characteristic both
of the L forms and of the pleuropneumonia group.

It is a matter of observation that the characteristics just enumerated define
a well-circumscribed group of organisms. It is rarely questioned whether or
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not a given organism belongs to it. The basic difference between these organisms
and bacteria may be in morphology, in metabolism or in some special functions
which the L forms perform. Until the nature of this basic difference is known,
the definition of the group is purely empirical and the lesser or greater importance
of their various properties remains questionable.

PLATE II

Plate II illustrates certain structural properties of the large bodies, the appearance of
various L colonies with low magnification and pleuropneumonia-like organisms.

Photographs 1-6 were made from strain 132 of Bacteroides.
1. Development of the large bodies from two segments of the bacterial filaments. Broth

culture after 3 hours' incubation without penicillin. Unstained. X 800.
2. Segmentation of a short filament with swelling into bacilli after transfer from broth

to agar. A smaller body with similar shape remained unsegmented. Unstained. X 2,000.
Photographs 3-6 showing the chromatin granules were made from broth cultures. They

were transferred to agar and agar fixation preparations were made at once. The prepara-
tions were stained with Giemsa solution and slightly decolorized with eosin. X 3,000.

3. Young broth culture. The bacilli show one or two chromatin bodies.
4. A large body with arrangement of the chromatin bodies at the periphery, from 24-

hour-old broth culture.
5 and 6. Growth of the large bodies into bacilli two hours after transfer into fresh broth.

The structure corresponds to those in No. 27 of Plate I. The chromatin granules are dis-
tributed in the bacterial filaments.

Photographs 7-20 show the L cultures in different species as they appear with the hand
lens and with low magnification.

7. One-day-old culture of S. moniliformis photographed with reflected light. Natural
size.

8. Three-day-old culture of Li photographed with reflected light. X 2.
9. A similar photograph of L colonies of Bacteroides three days old. The sharp contour

and ring-like appearance are characteristic of L colonies of larger size. X 2.
10 and 11. Different appearances of fully developed Li colonies. Unstained. X 100.
12. 3A and 3B L colonies of Salmonella on penicillin agar after 2 days' incubation. Un-

stained. X 30.
13. 3A L colonies of Salmonella from a stained agar preparation. In transplants colonies

develop to larger size than in the plates inoculated with bacilli. X 100.
14. L colonies of S. typhosa after three days' growth. The foamy appearance is the result

of the vacuolization of large bodies. Unstained. X 100.
15. L colonies of Bacillus 2 spreading on serum agar with many daughter colonies after 7

days' incubation. Dry stained agar. X 200.
16. Large bodies on the surface of the L colony shown in Number 20. Wet stained agar.

X 900.
17 and 18. L colonies of Bacillus 2 on hard agar without serum after three days' incuba-

tion. The colonies remain small on nutrient agar (No. 17); they are larger on starch agar
(No. 18). Both unstained. X 100.

19. Young L colonies of Clostridium branching out into the agar after 2 days' incubation.
A similar growth is characteristic of L colonies. Wet stained agar. X 200.

20. Same culture as Number 19. A colony with a well-developed periphery of large
bodies. Wet stained agar. X 200.

Photographs 21-31 illustrate the structure and morphology of pleuropneumonia-like
colonies isolated from human genitals.

21, 22 and 23. Various appearances of fully developed colonies with low magnification.



282 L FORMS OF BACTERIA [VOL. 15

It is the impression of the reviewers that it is impossible to give a reasonable
definition of the pleuropneumonia group which would exclude the L forms. There
is no place in this review to discuss the long and complex development of our
information on the morphology of the pleuropneumonia group. Sabin's definition
of the pleuropneumonia group (75), which is most widely known in the United
States, is based essentially on the properties which were enumerated above,
only a different technique is recommended for the examination of the cultures.
He included the Li in the pleuropneumonia group with the reservation that
the size of the smallest reproductive unit should be determined by filtration and
should be less than 0.2 micron. Small size is a characteristic of the pleuropneu-
monia group, but it seems arbitrary to admit or exclude organisms from a
morphologically well-defined group according to an exact size. If the Li is
included in the pleuropneumonia group, the L forms of other bacteria also
belong in it.

Klieneberger's views on the similarity of Li and the pleuropneumonia group
have been accepted by most authors without comment. The only dissenting
opinion was expressed by Oerskov (67) and his pupil, Freundt (37). According
to them, the morphology of the L forms is essentially bacterial and there is not
even a remote similarity between them and the pleuropneumonia group. Their
idea of the morphology of the pleuropneumonia group is different from that of
most authors. The following passage' is quoted by Freundt from a paper of
Oerskov (68): "The elementary, initial or terminal bodies are small round or
oval, which to begin with grow out into an undivided, ramified branching my-

Number 21, wet stained agar preparation, X 100; Number 22, unstained, X 150; Number
23, unstained, X 100.

24. Large bodies at the edge of a colony. Wet stained agar. X 2,000.
25. Two young (2 days old) colonies. This photograph corresponds to Number 4 of Plate

I. The focus is set beneath the surface of the agar. The surface of the colonies consists of
large bodies. Wet stained agar. X 900.

26. Large bodies on the edge of a colony partly empty (a) and partly filled with small
forms (b). Same strain as the colony shown in No. 21. Wet stained agar. X 900.

27 and 28. A single large body transferred from the same culture as No. 26 after incuba-
tion overnight. In No. 27, the focus is set on the surface. The large body is considerably
increased in size and is filled with small granules, strands of which grow out of it. The
growth of the granules from different parts of the large body is more clearly visible in No.
28 where the focus is set lower. Wet stained agar preparations. X 900.

29. A young spreading colony of the same strain as in No. 28 after 24 hours' incubation
in a dry stained agar preparation. The individual organisms are not clearly visible but the
similarity of the structure to the Li colony in Nos. 20 and 21 of Plate I is apparent. X 2,000.

30. Impression preparation of young culture. The organisms are similar to those on the
L colonies. They are very small, often in pairs and gradually enlarging. Agar fixation
preparation. X 3,000.

31. Smear from a broth culture of a strain of a pleuropneumonia-like organism. The few
curved filaments are artefacts produced by deformation of the small forms. Giemsa stain-
ing. X 2,400.

Photographs 18 and 26 of Plate I and photograph, 2 of Plate II were formerly published
in the Journal of Bacteriology and are reproduced with the permission of the publishers
(Vol. 59, p. 768; Vol. 54, p. 235; Vol. 48, p. 147).
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celium and this divides without demonstrable septa in the elementary bodies."
Freundt continues: "The large swollen forms, which in fairly old cultures occupy
the pale peripheral zone, are regarded by Oerskov (and justly so, as far as I
can judge) as involution forms." These statements disagree with the observa-
tions of Elieneberger and of the reviewers. Sabin (75) also fails to mention the
development of branching fiaments in murine strains. Oerskov (65) studied
originally the bovine strains which produce filaments. He relies mainly on the
microscopical study of unstained agar cultures which does not give sufficient
resolution. The presence of branching filaments in the agar cultures certainly
is not a characteristic of the pleuropneumonia group of organisms, and their
absence does not differentiate the L forms from the pleuropneumonia group.
Our knowledge of the structure of microorganisms compared with the higher

plants and animals is very incomplete, and our suppositions on the derivation
and relationships of different bacterial forms are always more or less uncertain.
With these reservations in mind, it is difficult to believe that the similarities
between the L type cultures and the pleuropneumonia organisms extending to
so many points are accidental. These characteristics represent a simplification
of the bacterial structure, and when bacteria are transformed into L forms, they
assume these properties. It is very likely that the origin of a similar complex
group of properties is the same in the pleuropneumonia group. This group
probably descended at some time from the bacteria and became stabilized to
live in this form. If this supposition is correct, though the pleuropneumonia
group is well-defined, it is not analogous to an order or family in the natural
system but represents a growth form which various bacteria can take up. The
pleuropneumonia group is in the same position as the Fungi imperfecti; they
form a morphological group of miscellaneous origin, the distribution of which in
the natural system is at present impossible.
The speculations just discussed suggest further speculations concerning the

the development of the viruses. Two aspects of the problem should be dis-
tinguished. One is the phylogenetic development of the viruses at some time in
the past. It is a widely held supposition that some of the viruses developed from
other microorganisms by gradual loss of properties as a consequence of parasitism.
The discovery of the L forms and their properties gives support to this idea.
The other aspect of the question is whether viruses develop from bacteria at the
present time. The observations made thus far with the L forms offer no evidence
for this supposition. We have no information on the role of L forms in the patho-
genic action of bacteria. Well-controlled, positive observations on this point
would be of great interest. Until they are made, speculations have little value.

It is outside the scope of this review to discuss the possible relationship of the
L forms to the so-called filtrable forms of bacteria, to bacterial gonidia and to
various pleomorphic forms described in the literature. Elieneberger suggested
in a recent paper (54a) that some of these are probably analogous to the L forms.
She feels especially justified to identify the filtrable G forms of Hadley (40)
with the L forms, and she regards the discovery of the latter as confirmation of
the older observations. The reviewers do not agree with Klieneberger's con-
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clusions. The differences between the properties of L forms and the description
given of filtrable forms are marked. In Hadley's experiments, the G forms
grown from unfiltered cultures were small colony variants of bacteria. The
properties of G forms grown from filtered cultures also had no similarities to
those of L forms. The appearance of the cultures, their microscopic morphology
and their physical properties were different. The G forms grew without animal
serum, preferably in broth, and the cultures survived for years. They were
easily filtrable. Such observations have never been made with the L forms of
Salmonella and Shigella. Bacteria reappeared in the G cultures very rarely
and only by a long gradual development, and doubt remains as to their identi-
fication with the parent strains. The reviewers have never observed cultures
corresponding to Hadley's descriptions, and in their opinion his observations
as they were reported indicate no relationship between the L forms and the so-
called filtrable forms of bacteria. Unless a technic is devised by which the filtrable
forms can be produced regularly so that their properties may be studied, their
very existence remains questionable.
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